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ABSTRACT  
In this perspective, we explore the insights into the device physics of perovskite solar cells gained 
from modeling and simulation of these devices. We discuss a range of factors that influence the 
modeling of perovskite solar cells, including the role of ions, dielectric constant, density of states, 
and spatial distribution of recombination losses. By focusing on the effect of non-ideal energetic 
alignment in perovskite photovoltaic devices, we demonstrate a unique feature in low 
recombination perovskite materials – the formation of an interfacial, primarily electronic, self-
induced dipole that results in a significant increase in the built-in potential and device open-circuit 
voltage. Finally, we discuss the future directions of device modeling in the field of perovskite 
photovoltaics, describing some of the outstanding open questions in which device simulations can 
serve as a particularly powerful tool for future advancements in the field.   
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MAIN TEXT  
Device modeling and simulation are powerful tools that have furthered the development of many 
electronic technologies.1-5 They provide significant insights that can be used to complement 
experimental results, but are not always directly available from empirical studies. Experimentally, 
the implications of changing a single parameter in the device structure or fabrication procedure are 
often complex and even unpredictable, such that assigning the changes in device performance to a 
single source is challenging and sometimes impossible, a limitation that simulations do not 
possess. It is this interplay between material properties and device parameters in determining the 
device performance that makes modeling and simulation of devices so attractive to material 
scientists, physicists, and engineers. 
In the field of emerging photovoltaic technologies based on organic materials, device modeling 
has been extensively used to not only develop a deeper understanding of the physical principles 
governing the device function,6-8 but also as a tool for optimizing the device structure in order to 
enhance its performance.9-10 Similarly, albeit to a lesser degree, device simulations have also been 
applied to colloidal quantum dot photovoltaics.11 
Since the advent of perovskite photovoltaics, significant experimental efforts have been devoted 
to enhancing the device power conversion efficiency (PCE), reaching remarkable improvements 
in just a decade.12 This continuous improvement in PCE is a result of optimization in perovskite 
film composition,13-14 deposition procedures,15-16 device architecture,17 charge extraction 18-20 and 
charge blocking layers.21-22 Accompanying this remarkable experimental success are somewhat 
limited efforts in device modeling and simulation. The vast majority of these efforts have been 
dedicated to developing an understanding of the hysteresis effects23-26 and the transient behavior 
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observed in perovskite-based solar cells.27-28 The key difference between these simulations and 
those developed earlier for organic or quantum dot photovoltaic devices is the inclusion of ions as 
species that can move upon the application of an electric field. This means that an additional set 
of drift-diffusion equations for cations and anions has to be added and solved numerically. 
Similarly, the Poisson equation also needs to be modified to account for the ions’ charge. This 
additional complexity might deter researchers from attempting to develop a comprehensive device 
model for perovskite solar cells. In the following, we will discuss the role of ions within the device 
simulation and identify in which cases they must, or should, be included and when they can be left 
out from the simulations entirely.   
Another aspect of device structure that has been addressed by simulation is the effect of the 
perovskite’s energetic alignment with the charge extracting layers of the device.29-34 These 
energetic barriers influence the boundary conditions for electrons and holes in the simulation and 
are of interest experimentally due to the wealth of charge extraction materials used in devices. We 
will focus on energetic misalignment as an example, which allows us to explore a range of 
simulation parameters and identify key factors that must be taken into account.  
The effects of the lateral35 and vertical36 distribution of grains and grain boundaries has also been 
simulated, however a far deeper investigation of their role is needed, especially in light of recent 
experimental observations that ‘grains’, as observed by scanning electron microscopy, do not 
always correctly correspond to the crystallographic grains within the perovskite film. Imaging of 
crystallographic perovskite grains by electron backscatter diffraction suggests that previous reports 
might have overestimated the grain size of perovskite films.37 This and other conflicting reports 
concerning the influence of grain sizes and grain boundaries on the properties and performance of 
perovskite solar cells underline that the their role remains under debate.38 Finally, minor effort has 
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been devoted to simulation of device stability39-41 – another challenge in which device modeling 
can be a major source of insight.  
In this perspective, we would like to introduce the basics of device modeling and highlight the key 
parameters that must be taken into account for such simulations to be particularly useful to the 
perovskite community. Our goal is to motivate the application of device modelling as a powerful 
tool to complement experimental efforts to understand the device physics of perovskite solar cells 
and further enhance their performance. 
The basic principles of device modelling 
To model perovskite-based photovoltaic devices, the following set of drift-diffusion equations has 
to be solved numerically: 
                                                         (1) 
where: 
ne, nh, nc, na are the densities (cm-3) of electrons, holes, cations and anions, respectively.  
D, µ, and E are the diffusivity, mobility and electric field.  
B is the bimolecular recombination coefficient  
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αG is the generation rate, where α accounts for not all photons converting into free charges. One 
may add traps and trap assisted recombination either in the bulk or at the interfaces; these will be 
discussed in more detail later. The numerical scheme to include the generalized Einstein relation 
can be found in ref 42. 
The above drift-diffusion equations are coupled to the Poisson equation, which accounts also for 
the ions’ charge: 
                                            (2) 
 
The boundary conditions for electrons and holes at the contacts are: 
                                                                       (3) 
Here: 
 and  are the effective density of states for electrons and holes, respectively. 
∆e and ∆h are the energy separation between the LUMO level and the contacts’ Fermi level at the 
cathode and anode, respectively.  
Eg1 and Eg3 are the energy gaps of the semiconductor layers next to the cathode and anode, 
respectively. For the ions, the boundary conditions at the perovskite interface are taken to be 
blocking. When implementing the above equations one needs to account for discontinuities and in 
the present context one needs to also pay attention to the density of states43 and the dielectric 
constant.44-45 
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Beyond the computational challenge of solving these equations, it is clear that the choice of certain 
parameters will greatly influence the outcome of the simulation. In the following, we will discuss 
some of these influences and motivate the choice of certain parameters for perovskite device 
simulation. To consistently demonstrate the influence of certain parameters, we will perform all 
the simulations shown in this prospective, rather than attempt to compare previous simulation 
results performed by other groups, which use different sets of parameters and are thus not directly 
comparable. The parameters used here are listed in Table 1. 
Table 1. Material properties used in the simulations (unless stated otherwise) 
 Active layer Blocking layers 
Electron/hole mobility (cm2v-1s-1) 2 0.01 
Bimolecular recombination (cm3s-1) 10-10 Langevin 
NC (cm-3) 7x1018 1021 
NV (cm-3) 2.5x1018 1021 
 50 3 
Anion diffusivity ----- ----- 
Cation diffusivity (cm2s-1) 10-12 ----- 
Ion density (cm-3) 1018 0 
Thickness (nm) 250 50 
 
 
Role of ions - in or out?    
The mixed conductor nature of perovskite materials suggests that both ions and charges are moving 
upon the application of an electric field.46 The densities and dynamics of ions are different to those 
of charges, suggesting that their migration and electrostatic interaction will influence both the 
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temporal evolution and the steady-state current in the device. It is also noteworthy that theoretical 
and experimental measurements suggest that the stark difference in diffusion coefficients of the 
cations and anions47-49 in perovskite materials effectively means that only one species is moving, 
which at first glance should introduce a significant asymmetry into the device. 
While it is clear that modeling of transient phenomena must include the movement of ionic species, 
numerical simulation of solar cell current-voltage characteristics, especially in the absence of 
hysteresis, can in principle be performed either with or without the inclusion of ions. It is known 
that even in the absence of hysteresis the ions are still moving and affecting the charge distribution 
across the device.50 Hence, it is not clear if simulating experimental data using a model that 
excludes ions is capable of reproducing the correct physical picture (e.g. the type of recombination 
processes and/or their spatial location/distribution). We chose to answer this question while 
examining the relationship between the built-in and open-circuit voltages in perovskite solar cells. 
This relation has been under debate and despite extensive numerical studies of perovskites 
cells,29,51-52 this specific issue hasn’t been addressed in detail.  
Generally, the built-in voltage (VBI) of a solar cell will depend on the energetic difference between 
the Fermi level positions of the cathode and the anode. In the presence of charge extraction layers, 
these levels are typically pinned within the gap of the extraction layers: a few 100 meV above the 
hole transport level or below the electron transport level for the anode and cathode, respectively. 
This means that for the ideal case of perfect energetic alignment between the charge transport 
levels of the extraction layers to those of the perovskite active layer, the built-in voltage is still 
lower than the optical gap of the active layer. Additionally, in reality, there are often energetic 
offsets between the charge transport levels of the extraction layers and those of the perovskite, 
decreasing the built-in voltage even further. Conflicting results regarding the importance of these 
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energetic offsets have been reported in literature. Several studies showed that by increasing the 
ionization potential of the hole-transporting layer, a higher open-circuit voltage (VOC) can be 
attained due to a more optimal alignment with the perovskite valence band.53-55 On the other hand, 
some publications show very little correlation between these two values.56-57 Similar 
inconsistencies exist in relation to the energetic offset with the electron extraction layer.58-59 
To investigate numerically the impact of such energetic offsets and verify if excluding the ions 
still allows to correctly reproduce the internal mechanisms, we perform two sets of simulations. 
We use identical sets of device and material parameters and run the simulations with and without 
the inclusion of ions. For the case where ions are included, we simulate a hysteresis measurement 
at a scan speed of 50 mV/s, which when normalized to the ion diffusivity, results in 5x1013 mVcm-
2. When one performs a hysteresis loop measurement one may miss capturing the hysteresis by 
either scanning very slow such that the ions closely follow the voltage change or very fast such 
that the ions do not move during the forward and reverse voltage sweep. To avoid the latter issue, 
we separate the loop into two scans. First, the cell is kept at low bias long enough to allow the ions 
reach steady state and then a forward scan is performed. For the reverse direction the device is 
held at a high bias voltage, long enough for the ions to reach steady state, followed by a backward 
voltage sweep. Using this methodology implies that faster scan rates are more likely to lead to the 
observation of hysteresis. For the current simulations, the stabilization bias for the forward and 
reverse scans are -0.15 V and 1.25 V, respectively. The energy level diagram for both scenarios, 
of with and without ions, is shown in Figure 1a. For simplicity, we use a 1.6 eV bandgap for the 
perovskite active layer as well as anode and cathode fermi levels, which are pinned 0.2 eV 
below/above the electron/hole transport levels. Such a configuration means that in the case of 
perfect energetic alignment between the extraction layers and the perovskite active layer, the 
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maximum built-in voltage is 1.2 V. We now introduce an energetic offset, ∆, between the valence 
band of the perovskite layer and the highest occupied molecular orbital (HOMO) of the hole 
extracting layer, while maintaining perfect alignment with the electron extracting layer. 
Correspondingly, the built-in potential in the device is lowered by ∆, making it 1.2-∆ eV.  The 
relationship between the simulated open-circuit voltage and this built-in voltage, with and without 
including ions, is shown in Figure 1b and leads to several fascinating observations. First, for any 
energetic offset, VOC always surpasses VBI. Interestingly, in the case of optimal alignment (i.e. 
∆=0 eV), a VOC of 1.23 V is predicted, which is only 0.03 V higher than the built-in potential. 
However, in the case of misalignment the VOC is ~0.35 V higher than the built-in potential, which 
shows the remarkable recovery of VOC in perovskite solar cells even in the case of large energetic 
offsets. Secondly, very strikingly, simulations performed without the contribution of ions show 
near identical results. In fact, the J-V curves of both the forward and the reverse scans overlap not 
only with each other, but also with the J-V obtained when no ions are included.  
To understand the origin of the VOC recovery, we turn our attention to the charge density 
distributions at V ≈ VOC for the case of ∆ = 0.3 eV, shown in Figure 1c and d. Figure 1c shows the 
charge distribution for forward (dashed line) and reverse (solid line) scans when ions are included, 
while Figure 1d is for ions being excluded. While the distributions for these three scenarios are 
markedly different, they do share a common feature – the formation of a dipole at the 
perovskite/HTL interface. This interfacial dipole is a result of an excitation generated high density 
of electrons and holes on the perovskite and HTL sides, respectively. In the results presented 
above, the inclusion of ions has only a minimal effect: while they help create the dipole, it is 
primarily electronic in nature. Such a self-induced dipole is made possible by the very low losses 
in perovskite semiconductors, and as such is a unique feature of perovskites among other emerging 
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semiconductors. The resulting energy level diagrams for the case where ions are included (reverse 
scan) and the no-ions case are shown in Figure 1e and 1f. This dipole reduces the effective energy 
offset and thus significantly enhances the effective built-in potential of the device, explaining the 
high values of the simulated VOCs even for large energetic offsets.  
 
 
The fact that the two simulations (with and without ions) employ the same physical parameters 
and result in the same J-V characteristics supports the idea that neglecting the ions still allows to 
capture the correct physics (for devices with no hysteresis). This, however, could be associated 
with the relatively simple physical picture used in this example and one could argue that 
accounting for additional mechanisms would invalidate such a conclusion. Such an argument is 
potentially supported by the observation that unlike the similar densities of electrons and holes at 
the perovskite/HTL interface, the distribution of charges in the bulk of the perovskite active layer 
is very different depending on scan direction or whether ions are included or not. For the reverse 
scan the ions were stabilized at 1.25V which is close to VOC and hence they almost completely 
suppress the electric field in the bulk, generating an effective ‘flat band’ state. This results in the 
density of both charge carriers being nearly constant throughout the bulk of the perovskite layer. 
Upon illumination an interfacial, primarily electronic, dipole is formed in perovskite solar 
cells with non-ideal energetic alignment. This self-induced dipole strongly increases the 
built-in potential and device open-circuit voltage, suppressing the losses introduced by the 
misalignment and is a unique feature of low recombination perovskite semiconductors.  
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In the forward scan, the scan speed does not allow the ions to fully screen the electric fields at VOC 
and naturally, without ions there is no screening at all. In the absence of ion-screening, the 
distributions of electrons and holes vary greatly in the bulk of the active layer. Similarly, at the 
perovskite/ETL interface, up to one order of magnitude difference in the density of charges occurs 
between the different scenarios. The stark difference between the charge carrier distribution curves 
(solid lines in Figure 1c and 1d) might challenge the notion that excluding the ions is justified 
regardless of the existing internal mechanisms or their spatial distribution. We argue, however, 
that this concern is alleviated by comparing the charge carrier density distributions for the forward 
and reverse scans in the case ions are included. As Figure 1c shows, these charge density 
distributions are similarly different, and yet they did not result in different current densities (no 
hysteresis), confirming that the processes taking place in the device are not sensitive to the charge 
density distribution. Thus, it is justified to use a model that does not account for ions to simulate 
the internal mechanisms of a device that does not exhibit hysteresis despite the presence of ions. 
To sum up the above observations: if one scans the J-V at a normalized speed of at least 5x1013 
mVcm-2 (or 50 mV/s for ion diffusivity of 10-12 cm2/s), the ions are mobile enough to significantly 
alter the charge density distribution between the forward and reverse scans (note the unique scan 
procedure established above). If this is not accompanied by (noticeable) hysteresis in the J-V 
curve, then modeling the device with or without the inclusion of ions yields (almost) identical 
results. This conclusion does not require that there will not be hysteresis at any scan speed, and it 
may indeed appear at scan speeds of volts per second. However, the scan speed should not be too 
slow, which is why we provided a reference value of 50 mV/s. Consequently, modeling of device 
characteristics, which do not exhibit a clear signature of ions (e.g. hysteresis) can be done without 
the inclusion of ions with near identical results. Moreover, the fact that only one species of ions is 
 13 
moving does not affect the device symmetry – an accumulation of ions of one type at a certain 
interface is always accompanied by the formation of a deficiency at the other interface. This 
accumulation and deficiency will be of opposite charge signs, meaning that movement of neither 
anions nor cations nor both will introduce asymmetry into the device. 
The results of the numerical simulations show that small energetic offsets (∆ ≤ 0.3 eV) introduce 
nearly no losses in VOC since the self-induced dipole can effectively compensate for this non-
ideality. Larger offsets negatively impact the VOC, but their effect is mitigated by the self-induced 
dipole by approximately 0.35 V. This observation is of critical importance for real life devices, 
since it significantly broadens the range of extraction layers that can be employed in perovskite 
photovoltaics, at least with respect to the requirements of their energetic alignment to the 
perovskite active layer.  
 
 
When considering these results in light of the reported inconsistencies in literature regarding the 
role of energetic alignment in determining the device open-circuit voltage, one has to remember 
that experimentally changing the extraction layer varies not only the energetic alignment with the 
perovskite layer, but also many other factors. For example, it has been shown that the charge carrier 
mobility of the extraction layer,60-61 the interfacial recombination losses,62 and the energetic 
Simulation of J-V characteristics that show no signs of hysteresis can be performed without 
including ions in the device model and still reproduce the same material and device 
parameters.  
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disorder within the extraction layer63 can all influence the photovoltaic performance. Moreover, 
comparing charge extraction layers on top of which the perovskite layer is deposited is further 
complicated by changes in the microstructure and defect density of the perovskite depending on 
the surface energy, roughness, and other properties of the underlying extraction layer.19,64 In fact, 
in the simulations presented herein, we chose a mobility of 10-2 cm2V-1s-1, such that under no 
circumstances would transport within the EEL and HEL limit charge extraction, thus ensuring that 
the only barrier imposed on the system is introduced by the energetic misalignment. We note that 
we chose to use undoped charge blocking layers, which become increasingly common due to the 
potential benefit to device stability.26,65  
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Figure 1: (a) Energy level diagram used for modeling of the effect of energetic offset at the hole-
extracting layer (HEL). (b) Simulated open-circuit voltage as a function of the built-in potential. 
Charge density distribution at V ≈ VOC for ∆ = 0.3 eV (c) with and (d) without the inclusion of 
ions. In (c) dashed and solid lines are for forward and revers scans (50 mV/s), respectively.  Energy 
level diagrams at V≈VOC for ∆ = 0.3 eV (e) with ions and in reverse scan and (f) without the 
contribution of ions. 
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Role of the dielectric constant 
Regardless of whether one chooses to include the ions or not, the dielectric constant of the 
perovskite active layer is a key material parameter that needs to be known in order to solve the 
Poisson equation (see equation 2) and has been shown to affect simulations of device 
performance.23 Despite a decade of research, little agreement exists regarding this value for a range 
of perovskite materials. Theoretical calculations and various experimental measurements have 
resulted in values that vary across an order of magnitude both among different perovskite 
compositions and even for the same composition.66  
To exemplify the influence of the dielectric constant on the simulated device performance, we 
continue the example presented above (Figure 1), in which we examine the effect of an energetic 
offset on photovoltaics characteristics of a solar cell. Following literature reports on the possible 
values of the dielectric constant, we chose either ε = 6 or ε = 50, with all other model parameters 
kept unchanged (Figure 2). For the ideal case of perfect alignment between the active layer’s and 
extraction layers’ transport levels, i.e. ∆ = 0 eV, a change in the dielectric constant has no effect 
on the J-V characteristics. With no losses in VBI to overcome, only the balance between generation 
and recombination dictates the photovoltaic performance, which are not influenced by the 
dielectric constant (the potential effect on exciton dissociation through its binding is not 
addressed). However, when an energetic offset is present, the value of the dielectric constant plays 
a major role: low ε leads to significantly better photovoltaic performance with particularly high 
VOCs. For example, for the highest energetic offset of ∆ = 0.6 eV, a VOC of 1.17 V is obtained, 
which corresponds to a remarkable recovery by 0.57 V.  The reason for this is evident in the 
Poisson equation itself – for low values of ε the effect of charges on the energy bands is 
significantly enhanced. 
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These results have two key implications: first, they show that the choice of ε for device modeling 
studies is of crucial importance, but far more importantly, it provides a critical insight into the 
device physics of perovskite solar cells, demonstrating the astonishing and surprising advantage 
of engineering perovskite materials with lower dielectric coefficients. It is generally considered 
that high dielectric coefficient values are desirable in order to lower the exciton binding energy in 
the photoactive material, however our results indicate that in the case of a non-ideal device 
structure, this can also lower the photovoltaic performance. With the ability to modify the 
dielectric properties of perovskites by varying their composition, it should be possible to balance 
the two effects and develop perovskites with sufficiently low exciton binding energy (i.e. 
comparable to kT), but also sufficiently low dielectric constants such that high photovoltaic 
performance can be obtained for a broad range of non-ideal device architectures.  
 
The exact value of the perovskite dielectric constant is critically important for device 
simulations. A low dielectric constant enhances the effect of the self-induced dipole, resulting 
in better photovoltaic performance for a broader range of energetic misalignments.    
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Figure 2: J-V characteristics for varying HEL offsets (∆ = 0, 0.3, 0.4, 0.6 eV) for dielectric 
coefficient of (a) 6 and (b) 50. 
 
Role of the density of states 
While often neglected from discussion, the density of states plays an important role in determining 
the photovoltaic performance of materials. The effective density of states at the band edges, Ne0 
and Nh0 in equation set (3), will dictate how close the Fermi level will approach the band when 
populated with a certain density of charges. Correspondingly, and perhaps counter intuitively, a 
lower effective density of states results in a higher VOC (Figure 3a,b). This important result was 
reported by Zhou et al,67 but has gone largely unnoticed by the perovskite community. It is 
noteworthy that experimental studies indeed suggest that the density of states at the band edges of 
commonly used perovskites are rather low.68 As discussed in ref 67, the effective density of states 
at the band edge represents the entire density of states distribution function as a single parameter 
that allows to reproduce the charge density dependence on the Fermi level position using the 
Boltzmann approximation (where such approximation is valid). The specific values reported in 67 
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make use of the fact that for parabolic bands one can derive a relation between the charge effective 
mass and the effective density of states. 
The population of the electronic states is also important. Most commonly, Boltzmann statistics are 
used to determine this population, but similarly to organic semiconductors,69 one has to consider 
whether Boltzmann statistics is valid or whether the full Fermi-Dirac (FD) statistics should be 
applied. FD statistics are often implemented with the aid of the Generalized Einstein Relation 
(GER), which is given by:        
𝐷
𝜇
=
𝑝
𝑞
𝜕𝑝
𝜕𝜂
                                                                                                                                            (4) 
Where p is the particle concentration and η is the chemical potential.  
 
Figure 3: (a) Simulated J-V characteristics for Ne0 of 1019 and 1021 cm-3 and ∆ = 0 eV. (b) 
Simulated J-V characteristics with and without GER (in this example only, the simulations were 
run in the slow scan limit where ions are allowed to reach the steady state at each bias). 
 
Continuing with the example given above, we explore how neglecting the GER (i.e. using 
Boltzmann instead of Fermi-Dirac) influences the photovoltaic characteristics of simulated 
perovskite devices. Figure 3b shows that neglecting the GER, which removes the effective density 
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of states limitation on the charge density, results in higher interfacial charge carrier densities and 
larger self-induced dipoles, thus fully recovering the VOC. This of course is a highly unrealistic 
scenario, indicating that FD statistics, implemented using GER, cannot be ignored when 
considering density of state population in perovskite semiconductors for non-ideal device 
structures.  
 
 
The observation that the GER or FD statistics must be employed for simulations of perovskite 
solar cells is related to their low effective density of states at the band edge, mentioned above. At 
VOC, the formation of the self-induced dipole at the perovskite/HEL interface results in a high 
density of electrons (Figure 1c, d), that in combination with the low effective density of states 
places the quasi Fermi level very close to the band edge. This effectively degenerate state of the 
perovskite semiconductor at the interface renders Boltzmann statistics no longer valid, making it 
necessary to include GER (i.e. FD statistics) into the simulations.  
Role of bulk and interface recombination 
While it is generally agreed upon that recombination losses in perovskite materials are far lower 
than in other emerging semiconductors, the effects of bulk and interfacial recombination on the 
performance of perovskite photovoltaics are of great interest to the scientific community.70 
Modeling is an excellent tool to investigate the effects of recombination,23,28 since both its nature 
The full Fermi-Dirac statistics, or Generalized Einstein Relation, must be considered when 
simulating perovskite based solar cells. 
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and physical location in the device can be chosen at will. We follow up on our example from 
Figure 1, but this time increase the bulk recombination by two orders of magnitude (Figure 4a). 
Several critical observations can be made. As expected, the VOC of the device with an ideal 
energetic alignment (∆ = 0 eV) is significantly decreased compared to the prior case of low bulk 
recombination, and is now comparable to what previously was attained for ∆ = 0.4 eV. 
Interestingly, this means that the introduction of an energetic offset of up to ∆ = 0.4 eV no longer 
has an effect on the VOC, but has a tremendous negative effect on the fill factor of the device, 
manifesting itself as an ‘S-shape’ in the J-V characteristics. Moreover, the presence of high bulk 
recombination results in the appearance of hysteresis, which is particularly enhanced in non-ideally 
aligned devices.   
Figure 4b shows the results obtained when the recombination is restricted to the interface between 
the perovskite and the two extraction layers, with the bimolecular recombination coefficient being 
increased to result in the same VOC for the ∆ = 0 eV case as in Figure 4a. Namely, we only probe 
the effect of the spatial distribution of the losses, without altering the effective loss amount or the 
loss mechanism. Due to the relatively high mobility of the charge carriers, the spatial distribution 
of the losses has almost no effect on the charge density distribution across the device, resulting in 
very similar J-V curves for both the bulk and interfacial recombination cases. While the spatial 
distribution may slightly alter the shape of the J-V curves, it does not determine the presence of 
hysteresis.71 We note that interfacial recombination would have a significant effect on device 
hysteresis in cases where it serves as an additional loss mechanism or is associated with a high 
trap density.23 As has been reported for some memory devices,72 the filling of the traps may form 
a space charge that would diminish the free charge density in their vicinity, and thus limit or delay 
the current flow. It is also noteworthy that while the resulting VOCs are generally smaller than in 
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the case of low recombination (Figure 1), they still surpass the built-in potential, suggesting that 
the self-induced dipole still compensates for some of the losses. In this case, however, it is expected 
that the contribution of ions to the dipole becomes more important, since the high recombination 
rate lowers the density of charges developed at that interface. This is examplified by simulations 
for = 0.6 eV which exclude the ions (Figre 4a, dotted line). As expected, the Voc is indeed lower 
than when ions are taken into account, confirming their contribution to the interfacial dipole. 
However, this contribution is relatively small, suggesting that the dipole remains primarily 
electronic in nature even in the case of high recombination losses. It is particularly important to 
note that excluding the ions does not result in J-V curves that resemble the average between 
forward and reverse scans. This epitomizes that attempting to reconstruct the J-V characteristics 
of a device with hysteresis using a simulation that excludes ions will inevitably lead to inaccurate 
interpratation of the internal device. 
 
  Figure 4: J-V characteristics for varying HEL offsets (∆ = 0, 0.3, 0.4, 0.6 eV) for increased (a) 
bulk and (b) interfacial recombination. Dashed lines represent the forward scan. Scan speed was 
50 mV/s and the stabilized voltages were -0.15 V and 1.25 V for the forward and reverse scan, 
respectively. The dotted line in (a) was computed when neglecting the presence of ions for the case 
∆ = 0.6 eV. 
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Simulating interfacial engineering for VOC enhancement 
 
With the formation of a self-induced dipole largely suppressing the limitations imposed by the 
non-ideal energetics and low built-in potential, one could consider that the introduction of 
additional dipoles in the solar cell by interfacial engineering might be of benefit for VOC 
enhancement. Indeed, we and others have demonstrated that introducing dipoles into device 
architectures can significantly enhance its VOC.21,73-75 Device simulation incorporating external 
dipoles into the device structure showed that increasing the dipole strength up to 0.4 eV results in 
a linear increase in the VOC which is proportional to the dipole strength. Experimental studies show 
that such dipoles can result in an increase in VOC of up to 120-130 mV without any effect on the 
JSC or FF of the device, resulting in an overall enhancement in the PCE on the order of ~10%. 
 
 
 
Increased recombination losses, either bulk or interfacial, result in S-shaped current-voltage 
characteristics, a loss in VOC and FF, and the appearance of hysteresis. To reproduce the 
internal mechanisms, devices in which large recombination losses are present must be 
simulated with the contribution of ions taken into account. 
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Future Directions of Perovskite Solar Cell Modelling 
 
In this perspective we describe the consequences of selecting certain aspects and parameters for 
perovskite device simulation, such as inclusion/exclusion of ions or the type of occupation 
statistics. We would like to emphasize that it is not categorically “wrong” to use Boltzmann instead 
of Fermi-Dirac statistics just as it is not “wrong” to not include ions. We demonstrated that under 
certain scenarios such a choice might be warranted. For example, we provide the presence of 
hysteresis as the criterion for when neglecting the ions may lead to an erroneous physical picture. 
Opting to use Boltzmann statistics in cases where the simulation predicts charge densities close to, 
or above, the effective density of states would also lead to inaccurate results. These issues, 
highlighted in this work, signify the early stage of perovskite device modeling where efficient 
codes that can handle mixed electronic-ionic conduction are not widely available. On the other 
hand, there are many other potential mechanisms that have not been fully addressed yet,76-77 partly 
because they are not understood well enough to be included. For example, how to account for the 
coupling between the ion accumulation/deficiency and electronic traps28,39 - would these be 
efficient recombination traps?78 Should light activation of ionic transport79-80 be incorporated into 
the device model, namely would the light excitation profile within the device affect the ionic 
distribution in a manner reminiscent of the effects of thermal gradients on electronic transport? 
How should one describe the grain boundaries? Can they be considered as only affecting the 
electrical properties of the grain, or does one have to use 2D modeling so that the boundaries are 
treated separately? For stability studies,81 current models are clearly missing ionic transport 
through the blocking layers82 and any potential electrochemistry at the contacts.83-84 Furthermore, 
it has been suggested that perovskite materials may exhibit self-healing processes85-86 - how would 
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such processes affect the ionic and electronic landscape? Is a certain amount of disorder needed 
due to the interplay between degradation and self-healing?   
All of the above questions, and others that will emerge as more information becomes available 
about the physics and chemistry of perovskite materials, are important open questions in the field. 
Some of these questions will only be answered through the use of device models to help separate 
the effects of various processes and suggest which description of a given physical mechanism is 
more accurate in terms of allowing the device model to reproduce experimental device data. Future 
studies of the missing mechanisms, and their translation into a set of equations that can be 
incorporated into a device model, would make a significant difference in the future progress of the 
field of perovskite photovoltaics. 
Efficient, flexible and open source code models will enable not only the development of 
fundamental understanding of device physics of perovskite solar cells, but would also serve as 
device design guidelines to enhance the performance and stability of devices, reducing the current 
‘trial and error’ experimental approach for advancing the field towards industrial application. 
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